The angular distribution of photoelectrons created by multiphoton ionization of xenon atoms by a few-cycle laser pulse shows a carrier-envelope phase (CEP) dependent asymmetry. A simple perturbative model based on a sum over indistinguishable quantum paths describes the observed asymmetry as a function of photoelectron energy and CEP. Although the individual multiphoton transition rates depend on the intensity profile of the pulse, the experimentally measured photoelectron angular distributions are sensitive to the absolute spectral phase of the pulse, including both CEP and chirp. We discuss retrieval of the CEP and chirp from the asymmetry pattern, as well as the potential to extract the scattering phase shift.
Introduction
The carrier-envelope phase (CEP) of few-cycle laser pulses is a very important quantity for atomic and molecular physics because of the electric-field response of electrons. The CEP is the temporal offset between the laser cycle maximum and the pulse envelope maximum, converted to a phase φ using the laser frequency. Even though the CEP appears in the single-photon dipole transition amplitude in perturbation theory, it does not necessarily affect the transition probability, which is the squared modulus of the amplitude. As a result, CEP effects are not extensively explored. Equally important from an experimental point of view, the frequency comb techniques required to stabilize the CEP [1, 2] were not available until recently.
The combination of fewcycle ultrabroadband laser pulses [3] , extension of the laser frequency comb all the way to zero frequency [1, 4] , and a growing realization that many processes are determined by the laser field and not just the intensity envelope of light pulses have stimulated growing interest in the role of the CEP. Effects of the CEP include the number [5] or wavelength [6] of attosecond light pulses produced in high harmonic generation, the angular distributions of photoelectrons in strong-field tunnelling ionization [7] , the localization of electrons in molecular dissociation [8] and the direction of photocurrent in semiconductors [9] . In this paper, we present experimental data showing how the CEP affects the angular distribution of photoelectrons generated at electric field strengths in the multiphoton regime.
Because of the importance of CEP stabilization in the creation of isolated attosecond x-ray pulses by few-cycle driver pulses [5] , much effort to date has been focused on the role of the CEP in strong-field processes driven by fields comparable to the Coulomb field that binds valence electrons to atoms and molecules. In this regime, electrons react nearly adiabatically [10, 11] to the oscillating laser field, and processes such as tunnelling [10] and photoemission [12] occur on a subcycle (attosecond) timescale. Some work has addressed non-adiabatic dynamics in tunnelling ionization [13, 14] , but relatively little research has been directed towards discovering the role of the CEP in the weak-field, perturbative regime, where the laser field is small compared to intra-atomic field strengths. A few experiments have confirmed a role for the Figure 1 . Experimental setup. Shown looking down onto the laser table, the polarization direction is out of the plane of the paper. DFG, difference frequency generation and feedback loop for oscillator CEP locking. HCF, hollow-core fibre. CM, chirped mirror compressor. F-2F, f-2f interferometer and feedback loop for amplifier CEP locking. VMI, electrostatic lenses for velocity-map imaging. MCP, multichannel plate electron detector with detector face parallel to the laser polarization direction, p. Inset. Pulse envelope measured by attosecond streaking in neon (solid line), and an example vector potential to illustrate the relative durations of the carrier wave period and the envelope (dashed line).
CEP in perturbative laser-atom interactions [9, 15, 16] but these works have emphasized CEP stabilization.
Nakajima and Watanabe recently obtained intriguing theoretical results [17] showing a CEP effect in the perturbative regime. They solved the time-dependent Schrödinger equation (TDSE) for caesium atoms exposed to very short perturbative laser fields and found that excited state populations after the laser pulse depend on the CEP; in some cases the populations vary by a factor of 2 or more. Comparing the atom to a 3-level system, they formally solved the perturbation-theoretical differential equations governing the time-dependent state amplitudes. The amplitude for the uppermost state is the sum of four terms, one of which dominates the population in the case of long driving laser pulses. The authors suggested that the CEP effect present in the TDSE results may be due to the other three terms in the overall amplitude, which contribute for very short driving laser pulses.
Recent theoretical work on CEP effects [18] emphasized the role of interferences between distinct multiphoton pathways as the key to understanding CEP effects in both the strong-and weak-field regimes. The multiphoton picture is particularly relevant to the experimental intensity regime here, and we follow the example in [18] , interpreting the experimental results in terms of a multiphoton interference picture in which the absolute spectral phase of the laser pulse-CEP and chirp-plays a key role.
Above threshold ionization (ATI) using short laser pulses in the non-perturbative, strong-field regime has been systematically explored by Kling et al [19] . This paper focused on high-energy photoelectrons (kinetic energy 10 eV) and did not discuss in detail the asymmetry in the distributions of low-energy photoelectrons. We experimentally visit a lower regime of laser field strength, using 750 nm, 7 fs CEP-stabilized pulses at an intensity of ∼3 × 10 13 W cm
to photoionize xenon atoms while collecting the full three-dimensional photoelectron momentum distribution, concentrating our analysis on photoelectrons with energies below ∼5 eV. When the CE phase φ is varied, the angular distribution of photoelectrons changes so that the relative number of photoelectrons going in one direction along the laser polarization versus those going in the opposite direction varies sinusoidally from perfect symmetry. This up-down asymmetry is a function of both the CEP and photoelectron energy and also depends on the chirp of the laser pulse. The asymmetry distribution is interpreted using a simple model that invokes interferences between different quantum pathways leading to the same final photoelectron kinetic energy, resulting from absorption of either N or N+1 photons from opposite ends of the broadband laser spectrum by the atom.
Experimental setup
The experiment makes use of a 0.8 mJ, 25 fs, multipass Ti:sapphire amplifier system from FemtoLasers, operating at 3 kHz (figure 1). The output, initially centred at 800 nm wavelength, is spectrally broadened and slightly blue-shifted in a hollow-core fibre filled with 1.7 bar of neon gas before temporal compression using chirped mirrors. The resulting pulse is ∼7 fs in duration with 750 nm central wavelength. The compression is adjusted using a pair of fused silica wedges to produce the highest ionization rate in the target gas sample. The strongest ionization, corresponding to the highest peak intensity, is not necessarily coincident with flat spectral phase at the central frequency in the case of current fewcycle pulse generation technology. Therefore, some residual The up/down asymmetry in the photoelectron spectrum as a function of CEP offset φ and electron kinetic energy. Blue fill corresponds to more electrons going upwards in the lab frame (parallel to the laser polarization vector) while red fill corresponds to more electrons going downwards (anti-parallel to the laser polarization vector). The arrows point to kinetic energies where the asymmetry is close to zero independent of CEP. These regions fall at the same kinetic energies as the tops of the peaks in the photoelectron spectrum.
chirp is expected to remain in the pulse at the interaction region. In a separate experiment the temporal profile of the vector potential was measured using attosecond streaking [20] in neon. The individual cycles of the laser pulse were not resolved, but the measured pulse envelope is shown in the inset in figure 1 . The streaking data reveal the envelope of the vector potential and indicate that the pulse compression scheme works well, leaving only a small prepulse. The oscillator carrier-envelope offset frequency is detected using difference frequency generation and stabilized using a feedback loop that controls the pump laser output power. Long-term drifts in the CEP of the amplifier are corrected using f-2f interferometry [1] after the hollow-core fibre and a feedback loop that varies both the oscillator pump laser power and the prism insertion in the laser compressor. The CEP jitter of the overall system is measured over a ∼5 s sliding time window by the f-2f interferometer at a spectrometer acquisition rate of ∼30 Hz, with 30 ms exposure time. It ranges from 100 mrad to 300 mrad RMS depending on the day-to-day performance of the amplifier and the spectral broadening. The photoelectrons generated by multiphoton abovethreshold ionization are accelerated towards a twodimensional position-sensitive detector using velocity map imaging (VMI) [21, 22] . In VMI, all the photoelectrons leaving the interaction region with the same initial velocity vector will be focused to the same spot on the detector, regardless of their initial position.
Because of this convenient property of VMI and the cylindrical symmetry of photoemission about the laser polarization axis, the output of the position sensitive detector can be easily inverted to yield the laboratory frame momentum distribution by mathematically taking into account the multiple velocity vectors that can all lead to the same spot on the detector. This is the essence of the basis set expansion (BASEX) [23] method used here.
Results
Since we are interested in CEP effects in the multiphoton regime, we reduce the beam diameter and therefore the peak intensity using an adjustable iris aperture to achieve a photoelectron kinetic energy spectrum with only a few peaks and with the first peak the most intense. For above threshold ionization (ATI) with strong laser pulses, the photoelectron kinetic energy corresponding to the maximum intensity in the photoelectron spectrum is roughly equal to the ponderomotive energy U p [24] of the laser field, and a cutoff exists at 2U p beyond which direct photoemission no longer contributes to the spectrum. Also, the direct photoemission peaks are offset by an amount equal to U p . The shape of the photoelectron spectrum (figure 2(a)) implies that, in this case, the ponderomotive energy is equal to or less than 1.6 eV, the energy of a single laser photon. Since U p in eV is equal to 9.33λ 2 (I /10 14 ) with λ in microns and I in W cm −2 , an upper limit to the intensity is about 3 × 10 13 W cm −2 . In fact, a ponderomotive shift of 1.6 eV and the ionization potential of Xe (which is 12.1 eV) reproduce the position of the first ATI peak. Since the peak position estimate and the estimate of U p from the maximum photoelectron intensity agree, they together serve as an estimate for the laser intensity in the interaction region.
Defining the asymmetry A( ) as the difference in signal between the top and bottom half of the momentum distribution at a particular photoelectron energy ,
the result shown in figure 2 , panel (b) is obtained. The uppermost asymmetry trace corresponds to an arbitrary and unknown CEP. The CEP is changed by π/10 for each new measurement, over a total range of 2π . Note that there are certain special photoelectron energies for which the asymmetry is zero regardless of CEP. These energies are spaced by one laser photon energy and correspond to the tops of the peaks in the photoelectron spectrum. They are marked with arrows in figure 2(b) . Note also that the pattern between the first and second peaks repeats itself between the second and third peaks, and so on. Checks are made to ensure that the observed asymmetry is a real effect of the CEP. First, a CEP offset of 2π is equivalent to an offset of 0 so ideally these two asymmetry traces would be perfectly correlated with each other. As shown in panel (a) of figure 3 , the correlation between each pair of 0 and 2π points is pronounced when the kinetic energy < 4.6 eV. The scatter of the data reflects the CEP jitter, which in this experiment was less than 150 mrad, plus the noise accumulated in the data collection and processing. Similarly, because changing the CEP by π corresponds to flipping the laser electric field vertically in the lab frame, one would expect that the asymmetry traces corresponding to any two CEP offsets separated by π radians should be perfectly anticorrelated. This is the case, as illustrated for CEP offset 0 and CEP offset π in panel (b) of figure 3 . Finally, when all the asymmetry traces are averaged, corresponding to the case of no CEP stabilization, the resulting asymmetry trace is flat as shown in panel (c) of figure 3.
At intermediate intensities of a few 10
13 W cm −2 , the instantaneous ionization rate is a combination of fielddependent (tunnelling) and intensity-envelope-dependent (multiphoton) ionization, the relative contributions of which can be estimated analytically using the theory of Yudin and Ivanov [13] . The theory is constructed in such a way as to agree with the well-accepted Ammosov-Delone-Krainov (ADK) result in the case of strong fields and to agree with the multiphoton result in the limit of weak fields. Calculating the ionization rate as a function of time for the laser pulse parameters (7 fs duration, I = 3 ×10 13 W cm −2 ) and averaging over the intensity variation in the interaction region indicates that the multiphoton contribution is about half the signal. This is in contrast to the intensity of the short pulses used by Kling et al [19] to study CEP effects in the Xe atom, where the multiphoton contribution to the ionization was only about 10%.
Multiphoton model
Although the experiment was performed in a regime between pure multiphoton and pure tunnelling ionization, the observed experimental results can be interpreted qualitatively in terms of a multiphoton model based on interference between indistinguishable quantum paths. Amending the model to incorporate tunnelling effects may increase the quantitative agreement, but the essential physics is described by the multiphoton model.
Since the laser pulse has a very large bandwidth, there are multiple combinations of photons, all of different colours, that when ionizing a xenon atom in its ground state would lead to the same continuum kinetic energy for the photoelectron. Each combination of photons carries a characteristic phase, the sum of the spectral phases of the individual frequencies involved. The relative weights of the different pathways are influenced by the details of the energy level scheme of the particular target atom-for example, pathways with intermediate resonances or near-resonances will be more favourable than non-resonant pathways. All these different pathways add coherently to give the final probability for finding the outgoing electron at a particular outgoing energy and angle. But different combinations of wavelengths do not on their own generate asymmetry along the laser polarization direction in the photoelectron distribution. It requires interference between wavefunctions having different parity, or equivalently, mixing between quantum pathways involving different numbers of photons. Ionization of an odd-parity p-electron in Xe by 8 photons from the blue end of the spectrum will lead to an odd-parity continuum state, while ionization by 9 photons from the red end of the spectrum leads to an even-parity state of the same energy. This is similar to the principle of the f-2f interferometer [1] , where the blue region of the laser spectrum interferes with the second harmonic of the red region.
Ignoring interactions with the ion core, the CEPdependent wavefunction (φ) of the outgoing electron can be written as a sum of angular momentum eigenfunctions Y l,m = P l,m (θ ) e imϕ / √ 2π weighted with complex amplitudes c l,m ( , φ). Instead of three spatial coordinates, it is convenient to choose the electron energy and the two angles θ and ϕ (written together as ) as coordinates for . At any particular value of quantum pathways with one of two photon numbers are contributing to the photoelectron emission. Grouping the even parity functions with angular momentum quantum numbers (l, m) separately from the odd parity functions with angular momentum quantum numbers (l , m ) gives:
The asymmetry as a function of photoelectron energy and CEP φ can be expressed in terms of ; it is the difference between the probability of finding an electron going up and the probability of finding one going down in the lab frame, divided by the total probability of finding a photoelectron at that energy:
Normalization of means that the denominator in equation (3) is equal to unity. Inserting from equation (2) and expanding the sums, the cross terms in each integral cancel unless the functions have non-zero overlap (m = m ). Since m = m , the azimuthal contribution to the integrals is simply 2π and the polar integral over pairs of (real-valued) Legendre functions P l,m is all that remains:
(4) Figure 4 . The CEP response of the asymmetry at constant is sinusoidal in agreement with equation (4). A cut through the experimental data at = 1.6 eV is marked by the crosses, and the dotted line is a sinusoidal fit to the data.
Each of the amplitude terms contains e iφ + e −iφ and so the asymmetry is cosinusoidal with CEP. We note that the amplitudes c may contain phase contributions other than the CEP; for example, they depend on the laser pulse chirp and on the atomic phase intrinsic to photoionization. These phase contributions may vary with energy, but they do not change the CEP-dependence of the asymmetry at fixed energy.
To simplify equation (4), assume the example of an outgoing wavefunction at a particular energy o between the Nth and (N+1)st ATI peaks that is composed of an s-wave (N photons absorbed) and a p-wave (N+1 photons absorbed) with equal weights. The p-wave corresponds to absorption of one extra photon compared to the s-wave, giving it an extra phase contribution equal to the CEP. For this example, also assume that the laser pulse has a perfectly flat spectral phase so there is no chirp, and there are no intrinsic atomic contributions to the phase difference between the two partial waves. Then the only phase difference between the two waves is caused by the extra contribution of the carrier-envelope phase, φ, caused by the different number of photons required to reach the evenand odd-parity states. In this case, the wavefunction consists of a sum of two spherical harmonics, separated in phase by the CEP, and each normalized by multiplying by 1/ √ 2. The wavefunction and asymmetry are
The asymmetry in equation (7) varies cosinusoidally with the CEP, which directly matches the experimental observation for CEP variation at fixed energy. Figure 4 shows a cut through the experimental asymmetry plot at a photoelectron kinetic energy of 1.6 eV. The asymmetry does indeed vary as a phase-shifted cosinusoidal function of the CEP offset. This simplified analysis does not take experimental details like spatial averaging of the laser intensity into account. Spatial averaging of the laser intensity in the interaction region does not change the CEP-dependence of the asymmetry, but can affect the yields of photoelectrons into different multiphoton pathways. Thus the spatial averaging does not affect the main conclusions of this paper, namely, that the CEP effects in multiphoton ionization are a result of quantum interferences between different multiphoton pathways. The current model can be understood as a special case of the work of Roudnev and Esry [18] . It is intended to straightforwardly illuminate the principle of CEP effects by interference between quantum pathways, with special application to the case of multiphoton ionization of atoms. While it lacks the generality of their work, it describes the experimental data in an illustrative way.
There are other possible contributions to the phases of the partial waves that enter into the angular distribution: specifically, the spectral phase of the laser pulse and an intrinsic atomic phase arising from the (in general multi-electron) interaction between the ion core and the photoelectron after ionization.
If the laser pulse is chirped the outgoing photoelectrons will be chirped as well, reflecting the laser pulse that ionizes the atom. However, the chirp of the photoelectron wavepacket for a particular photon number N will not be identical to that of the laser pulse because there are many combinations of N photons, each of different wavelengths, that lead to the same photoelectron energy. The phase contribution due to the chirp, then, is a weighted average of all the possible N-photon pathways, each pathway having its own spectral phase contribution. This is shown schematically in figure 5(a) , where the quadratic spectral phase of a linearly chirped laser pulse is mapped onto each outgoing photoelectron wavepacket of alternating parity. The spectral phase curve for each successive photoelectron peak is offset vertically by the CEP, so that there are some photoelectron energies where the curves intersect and total constructive interference occurs.
When the CEP increases, as shown by the dotted phase curve, the intersections of the spectral phase curves change in energy and the positions of maximal constructive interference in the photoelectron spectrum move towards higher energy. In order to calculate the effect of the CEP and laser spectral phase, the 'weighted average' of multiphoton pathways can be approximated by an autoconvolution of the laser pulse. That is, neglecting the atomic phase and any resonances, the complex spectrum (amplitude and phase) of the N-photon absorption peak is the complex laser spectrum convoluted with itself N times. Numerical predictions for the case of the measured laser spectrum both as a transform-limited pulse and with a small chirp of 6 fs 2 are shown in figures 5(b) and (c), respectively. The positive chirp on the laser pulse makes the regions of maximal asymmetry move to higher energy with higher CEP. Now it is also clear why there are certain special photoelectron energies in figure 2 with no asymmetry in the photoelectron distribution, regardless of the CEP. These are places in the spectrum at the tops of the photoelectron peaks, where for the laser pulse bandwidth used, there are quantum paths with only one photon number that contributes significantly to the photoionization amplitude. With no contribution from opposite parity partial waves there is no interference, regardless of the CEP or chirp, as in panels (b) and (c) of figure 5 . Thus, long pulses with narrow bandwidths would lead to zero asymmetry in the photoelectron spectrum even if the CEP were stabilized.
Chirp dependence
The preceding model confirms that some residual chirp remains on the pulse used for the experiment presented in figure 2 . Figure 6 (b) shows raw asymmetry data that indicate that after optimizing the laser pulse to reduce the chirp (at the cost of lower peak intensity and therefore the count rate), the linear CEP-dependence of the positions of maximum constructive and destructive interference disappears. Some CEP-dependent asymmetry variations persist, possibly a result of higher order spectral phase contributions from the laser pulse and spatial inhomogeneity in the detector dark count rate. Upon chirping the pulse by propagation through an extra 160 μm of fused silica, which imparts approximately 6.4 fs 2 of chirp, the linear pattern of figure 2(c) returns (figure 6(c) ), qualitatively supporting the multiphoton model.
As a final note, we would like to point out that because ionization is a bound-free transition, the variation of the signal with CEP repeats every 2π radians. If a boundbound transition like absorption were instead employed, the same multiphoton model would apply but the result would be a π -periodicity in the CEP measurement because in that case the parity selection rule only allows N-photon pathways to interfere with N+2-photon pathways.
So, moving away from photoelectron spectroscopy to absorption or fluorescence measurements in atoms could enable singlepulse determination not of φ but rather of φ mod π .
Summary
When Xe atoms are ionized with 7 fs, CEP-stabilized laser pulses with peak intensity in the perturbative regime, the resulting photoelectron angular distributions are asymmetric along the polarization direction of the laser. The asymmetry depends on the energy of the photoelectron and the CEP of the laser pulse. The underlying mechanism for the observed asymmetry is quantum interference between equivalent pathways involving different numbers of photons. This mechanism is general to processes driven by perturbative laser pulses, including absorption, nonlinear optical frequency conversion and even coherent control. Indeed, the mechanism can be thought of as the basis for strong-field CEP effects as well, though in that regime more than just two quantum pathways lead to the same final state. This mechanism also opens the way to single-pulse determination of the CEP using perturbative fields as well as absolute phase spectroscopy of atoms for the investigation of scattering processes.
